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Abstract: The purpose of the study was to measure in situ the background suspended particulate
matter concentration (SPMC) in the DISCOL area (SE Pacific) and its increase due to mechanical
mobilization of the seabed. The disturbance experiment imitated future manganese nodule exploi-
tations and was designed to measure the sediment plume generated by such activities. In the direct
vicinity of the disturbance, landers equipped with acoustic and optical sensors measured the cur-
rent velocities and the SPMC. The SPMC at the disturbance was easily up to 10 mg/L and thus about
200 times higher than the background concentration. The downstream sediment plume, measured
by the lander, had a SPMC of about 1 mg/L. After tide reversal, the sediment plume was recorded
a second time. A sediment transport model reproduced the plume dispersion. After rapid settling
of the coarser fraction, a plume of hardly settling fine particles remained in suspension (and no
deposition-resuspension cycles). The transport was controlled by the tides and by the vertical ve-
locity component that resulted from bathymetrical differences. The plume may continue to disperse
up to 100+ days (up to hundreds of km) depending on the particle size and until background con-
centration is reached.

Keywords: deep-sea; suspended particulate matter; sediment plume; DISCOL area; anthropogenic

impact; in situ sensors; sediment transport model

1. Introduction

Large parts of the deep ocean floor are covered with fine-grained sediments that con-
tain high amounts of clay minerals [1]. These so-called red clays represent about 50% of
the sediments in the Pacific Ocean and occur in areas of low biological productivity and
beneath the Carbonate Compensation Depth (CCD) [2]. The sediment accumulation is low
and favourable for the formation of manganese (Mn) nodules [3]. The clays in these sedi-
ments originate mainly from weathering processes on the continents and from hydrother-
mal alteration of surficial oceanic crust, and they are transported into the ocean either as
aerosols or in suspension [4-6]. The suspended particulate matter (SPM) in the deep water
overlying the seabed exhibits in low concentrations (<0.05 mg/L) and consists of a hardly
settling fine fraction (size of 1-10 pm) and a faster settling larger fraction (up to 1 mm) [7].
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The latter is associated with the formation of aggregates of mainly biological origin, also
called marine snow [8].

Recent developments in technology for depths > 4000 m have led to a new interest
for Mn-nodule mining to satisfy the increasing needs for rare earth elements and metals
such as cobalt, nickel and copper. However, a large-scale exploitation inherently raises
questions about the impacts and effects on the marine ecosystem [9]. Besides the direct
removal of the sediment layer (nodule habitat), the associated formation of sediment
plumes, with much higher SPM concentration (SPMC) than the natural concentration, will
result in blanketing large areas around the mining site with multiple impacts on deep-sea
ecosystems.

Since the 1970s, major explorative studies have been carried out, including the United
States Deep Ocean Mining Environmental Study (DOMES) in the eastern Pacific Ocean
(e.g., [10,11] and the DISCOL (DISturbance and re-COLonization Experiment) project in
the SE Pacific Ocean and its follow-up project ATESEPP (Effects of Technical Interventions
into the Ecosystem) (e.g., [12-15]). In more recent years, the well-known occurrence of
Mn-nodules in the Clarion—Clipperton Fracture zone (CCZ) in the NE equatorial Pacific
Ocean is subject to industrial exploration and associated scientific research [16].

The present study was part of the first phase (2015-2017) of the “MiningImpact” pro-
ject focusing on the Ecological Aspects of Deep-sea Mining, funded by the Joint Program-
ming Initiative Healthy and Productive Seas and Oceans of the European science founda-
tions. In the framework of this project, two expeditions with the German RV Sonne were
carried out (50239 and SO242), revisiting areas in the abyssal Pacific Ocean (50239 to the
CCZ) which had been subjected to disturbance experiments in the past three decades. The
main objective of the second expedition (5S0242) was to revisit the DISCOL area in the
Peru Basin for high-detail mapping and biogeochemical and biological sampling in both
disturbed (ploughed in 1989) and undisturbed areas. In this study, a small-scale seafloor
disturbance experiment was carried out to investigate the dispersion of the generated sed-
iment plumes by near-bottom currents.

A key element in understanding the footprint of sediment plumes produced by deep-
sea mining is the settling behaviour of the particles within the plume and the erosion po-
tential of redeposited particles. Currents in the deep ocean are typically slow (few cm/s)
and are not able to erode seafloor sediments but are able to keep fine sediment particles
in suspension [7]. Laboratory experiments with sediments from the CCZ area have shown
that depending on the SPMC and the turbulence, flocculation may occur, resulting in
higher settling velocities and thus a faster deposition of the plume sediments [17]. Several
authors have pointed out that the occurrence of meso-scale eddies may result in resuspen-
sion of the freshly deposited particles from a plume, which could result in a long-term
increase of the turbidity in a larger area around the mining site [17-20].

The objectives of this study are:

(1) Investigate the natural background SPMC and its increase due to mechanical mobi-
lisation of seafloor sediments;

(2) Characterize the seafloor sediment (such as mud fraction and flocculation potential)
and ambient tidal current dynamics of the deep-sea that lead to sediment dispersion
and subsequent redeposition;

(3) Test to what extent the observed plume dispersion and dynamics by near-bed cur-
rents are reproduced by the ocean dynamics and sediment transport model pre-
sented in [21].

Study Area

Located in the Peru Basin (southern Pacific Ocean), the area of interest is 900 km off-
shore Peru at 7.12° south of the equator (Figure 1), lying in water of around 4150 m depth.
The area is known as the DISCOL Experimental Area (DEA), where in 1989, a circular
patch of about 2 nautical miles across was impacted with a plough-harrow to generate a
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mechanical disturbance. The topographically gently sloping DEA, with a lower Mn-nod-
ule density than the surrounding and without rocky outcrops, was chosen to avoid failure
of the plough [9]. The area is part of a north—south trending graben-horst system with
presence of seamounts [22,23]. The experimental site is in the Reference Area South (of the
DEA) with presence of Mn-nodules (Figure 1c), characterized with slopes up to 8° [24].
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Figure 1. (a) The location of the DISCOL (DEA, SE-Pacific Ocean). (b) Bathymetric map of DEA
(ploughed in 1989) and surroundings. White circles are the MUC cores selected for sediment
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analysis. The yellow diamond symbols are the BoBo and DOS lander stations. The bathymetry ob-
tained from the RV Sonne based EM122 12 kHz multibeam system in 2015 (50242). Overlaid
sidescan map (#41_AUV-5) of part of the reference area south where two EBS experiments (seafloor
disturbing and associated sediment plume monitoring) took place in 2015. (c) A zoom in the
sidescan map with the BoBo lander (yellow diamond) and visible fresh scour mark of the #37_EBS-
1 track (indicated with black arrow), and the #45_EBS-2 track. Sidescan sonar (Edgetech) imagery
(120 kHz) was realised from an autonomous underwater vehicle (AUV Abyss) at 30 m above the
seafloor.

The CCD in the Peru Basin at present varies between 4200 and 4350 m [14]. As a
result, surface sediment of areas deeper than 4200 m generally have a low carbonate con-
tent, as compared to sediment at shallower depths [14]. In the past, vertical CCD fluctua-
tions were a result of sequences of glacial and interglacial phases [25]. The average Mn-
nodule abundance is 9 kg/m? [24], similar to what is found in the wider Peru Basin [26,27].
The natural sediment accumulation rate is estimated as 2 cm/ky [3].

The water mass near the bottom in the DISCOL is characterized by salinity of about
35 PSU and temperature <2 °C, and currents with alternating regimes: weak (1-3 cm/s)
and strong (~5 cm/s) episodes [12,13].

The DISCOL seafloor sediments are vertically divided into three zones based on their
physico-chemical characteristics [14,28]: a dark brown semi-liquid top layer (5-15 cm
thickness) contains Mn-nodules, a transition zone of light sediment colour with increasing
shear strength (5-15 cm), and an underlying light grey consolidated layer.

2. Materials and Methods
2.1. Analysis of Seafloor Sediments

For analysis of surface sediment particle size distribution and mineralogy, multicores
(MUC) from SO241 stations 34_MUC-6, 70_MUC-17 and 119_MUC-31, were sampled for
the surface (0 to 5 cm) and deeper part (5-15 cm). All samples were first oven-dried at 40
°C and subsequently crushed by hand with mortar and pestle until they passed through
a 500 um sieve. From each sample, a representative subsample of 2.7 g was taken for the
determination of the bulk mineralogical composition. As an internal standard, 0.3 g of
Zincite (ZnO) was added. The powders were mixed and ground in a McCrone® micronis-
ing mill in ethanol (Westmont, IL, USA). After drying, the samples were loaded in a sam-
ple holder by side-loading and measured by X-ray diffraction (using CuKa radiation). The
subsequent quantification of bulk minerals was performed by using a combination of the
Rietveld method [29] and of the PONKCS method [30]. The fraction <2 pm of a representa-
tive subsample of 5 g of each sample was separated. This size fraction is enriched in sedi-
mentary clay minerals. The separation was performed after a thorough chemical treat-
ment. Carbonate cements, organic matter and free Mn-, Fe-(hydr)oxides were removed
using respectively acetic acid/Na-acetate buffer solution, 30% H20: solution and Na-dithi-
onite in a Na-citrate-bicarbonate environment respectively. In this <2 um fraction, all the
minerals are exchanged to their Ca-form (e.g., the different cations that may occur in the
interlayer of the Smectite mineral are all exchanged to Ca). Oriented preparation slides
were made by sedimentation; the preparation yields highly oriented clay particles with
their (001) lattice plains parallel oriented. The oriented slides were subsequently analysed
by X-ray diffraction for measuring the refraction intensity of the 001 lattice plains of the
clay minerals.

The organic carbon content in yet another subsample was determined by infrared
analysis. This analysis is based on the combustion of the sample and the subsequent meas-
urement of the IR-energy which is absorbed at a specific wavelength by a Leco CS 244
analyser.

The major element content of the samples was measured by ICP-MS analysis using a
Perkin Elmer Sciex ELAN 6000. Yet another subsample was fused with lithium metabo-
rate/tetraborate, diluted, and subsequently analysed with a Perkin Elmer Sciex ELAN
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6000 ICP-MS. Additionally, the total amount of carbon and sulphur was determined using
induction furnaces coupled to a Leco CS 244 analyser with infrared detector.

The grain-size volume distribution of the samples was measured with laser diffrac-
tion using a Malvern Mastersizer-S in water with ultrasound sonification. And more sub-
samples were measured (1) without preparation, only after shaking in water for 24 h and
(2) after a thorough chemical treatment to remove the cementing agents and to break up
aggregates.

2.2. BoBo and DOS Lander Deployment: Sensors

Near-bottom current dynamics and SPM transport were recorded with the Bottom
Boundary (BoBo) lander of NIOZ and the Deep-sea Observation System (DOS) lander of
GEOMAR (Figure 2). The BoBo lander [31] was equipped among other sensors with an
RDI 1200 kHz ADCP (acoustic Doppler current profiler) mounted downward facing at 2
m above the seafloor (2 mab) in the centre of the lander frame and a Seabird 19 plus CTD
(conductivity, temperature, depth) with Seapoint turbidity meter (hereafter called Sea-
point) at 2.5 mab. The DOS lander, adapted from the multipurpose platform designed by
[32], was equipped with a similar Seabird CTD device positioned at 1 mab. The BoBo and
DOS landers were deployed in free-fall mode.

Figure 2. An overview of the boundary layer monitoring devices used in this study. Left to right:
Bottom Boundary Layer lander (BoBo) with CTD including a Seapoint turbidimeter at 2.5 mab and
the downward ADCP current profiler at 2 mab; Deep-sea Observation System (DOS) with CTD in-
cluding a Seapoint at 1 mab; Epi-benthic sledge (EBS) with CTD including a Seapoint at 0.5 mab and
recording current meter (RCM) at 1 mab. The EBS towed by RV Sonne was used as the seafloor
disturber.

For a period of 74 days (July-September 2015), the landers were co-deployed at 6
different stations (Table 1 and Figure 1b) within a perimeter of 17 km in water depths
between 4150 and 4220 m. The CTDs were sampling in intervals of 300 sec with 5 meas-
urements per sample. The Seapoints were set to measure over a range between 0 and 25
FNU (Formazine Nephelometric Unit). A unit conversion factor of 1.28 between turbidity
(FNU) and SPMC (mg/L) was obtained through a series of suspensions of known SPMC
prepared from in situ sediment and corresponding Seapoint FNU readings. Figure 3a
shows the linear regression with a determination coefficient (R?) of 0.98. With their light
source wavelength of 880 nm, Seapoints optimally work for fine-grained particles [33,34].
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Table 1. Overview of lander deployments and EBS disturbance test during SO242.

Stations Deployment Recovery Latitude Longitude Water Depth (m)
#11_BoBo-lander-1 30 July 2015 18:37 05 August 2015 15:20 -7;7.465 -88; 26.086 4175
#57_BoBo-lander-2 06 August 2015 17:3516 August 2015 06:50 -7; 04.750 —-88; 28.527 4131
#97_BoBo-lander-3 16 August 2015 07:4327 August 2015 00:36 -7, 07.422 —88; 25.538 4162

#6_DOS-lander-1 30 July 2015 16:40 03 August 2015 04:13 -7;04.308  -88; 28.297 4123.6
#42_DOS-lander-2 04 August 2015 01:2111 August 2015 14:50 -7;04.476  -88; 26.000 4199.2
#72_DOS-lander-3 11 August 2015 18:3016 August 2015 09:51 -7; 04.583 —88; 28.554 4116
437 EBS-1 03 August 2015 08:02 -7,07.686  —88; 25,706 4167.3
- 03 August 201509:24 -7;07.854  -88; 25.484 4176.3
445 EBS-2 04 August 2015 23:40 -7, 07.150 —88; 26.322 4195
- 05 August 2015 00:59 -7;07.532  -88; 25.984 4169.7
#34_MUC-6 02 August 2015 21:27 -7;07.524  -88;27.031 4161.7
#70_MUC-17 11 August 2015 12:43 -7;04.400  -88;27.778 41275
#119_MUC-31 20 August 2015 08:37 -7,06.033  —88;24.826 4204.1

For the ambient hydrodynamics, the downward facing ADCP mounted on the BoBo
lander collected 20 cm bin data in ensemble intervals of 300 sec with 50 pings per ensem-
ble. Six percent of the near-seafloor data of the profiles (0.12 m) plus one bin is affected by
side-lobe interference and were thus discarded resulting in a usable range of observations
from 1.4 to 0.6 mab. The ADCP correlation magnitudes, which are the ultimate quality
audit parameter for deep-sea environments [35] were evaluated. The residual meridional
and longitudinal velocities in the study area were obtained by removing the tidal compo-
nents through a low-pass filter [36]. Bottom shear velocities, u*, were derived through the
power law profile method [37,38], based on the following formula:

u* z
u= T In (%) f
which analyses the linear relationship (with R? > 0.9) between the (5 min ensemble inter-
val) current velocities, u (m/s) and the corresponding logarithm of the bin heights above
the seafloor (z). k is the von Karman constant (0.41) and z0 (m) is the bed roughness length.
The bottom shear stress t (Pa) are then calculated from u* and seawater density rho (1050
kg/m?3):

= pu?

By knowing the water viscosity v (m?/s), the shear rates G (1/s) at a certain bin height
(z) can be calculated from the bottom shear velocities as follows [39-42]:

G =(€/0)*

with € = turbulence dissipation rate per mass:

ux* 3

kz
Additionally, the inversion of the raw ADCP acoustic backscatter to SPMC was real-
ised after several corrections were applied [43]: the ADCP noise level, the spherical beam
spreading and the sound absorption by the water. Given the low SPMC, the sound atten-
uation due to SPM is negligible. Any observed increases in the inverted backscatter values
are directly linked to increased SPMC. Noteworthy, is the capability of the ADCP to cap-
ture underwater noise.
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Figure 3. (a) Seapoint FNU-SPMC linear relationship (R?= 0.98) using calibration suspensions pre-
pared with surface sediments from multicore station #34_MUC-6 closest to the experiment site (Fig-
ure 1). (b) Linear relationship (R?>=0.75) between the acoustic backscatter from the Aanderaa record-
ing current meter (RCM) and the natural logarithm of the Seapoint SPMC, both mounted on the
EBS. The shaded band is a pointwise 95% confidence interval on the fitted line.

2.3. Epi-Benthic Sledge (EBS): Seafloor Disturber and Sensor Platform

The EBS used in the experiment to generate a plume of suspended sediment is based
on the sledge frame of [44] and weights 880 kg (in air), is 3.6 m long, 2.4 m wide and 1.2
m high and intended for benthic epi- and macrofauna sampling (Figure 2). An ultra-short
baseline transponder provided the geo-referenced position of the sledge on the seafloor.
Two EBS towing experiments were programmed (#37_EBS-1 and #45_EBS-2) in the refer-
ence area south. In the second plume experiment, the EBS (#45_EBS-2) was towed between
00:36 and 00:56 UTC of 5 August 2015, over 740 m, slightly uphill (2.8%, A depth is 21 m)
at a quasi-constant speed of 0.62 m/s (Table 1; Figure 1c). It passed north of the BoBo
lander in the closest distance of 68 m (Figure 1c). The EBS was equipped with a 2 MHz
Aanderaa Doppler-based recording current meter (RCM) and an external Seapoint meas-
uring turbidity between 0 and 5 FNU. For a duration of 20 min, the EBS disturbed the
seafloor leaving a 2.4 m wide and 740 m long erosion scour mark (total of 1776 m?). During
the period when the EBS was on the seafloor, the Seapoint was often saturated (90% of the
time) but the 10% of available Seapoint data could be correlated with the RCM acoustic
backscatter data to retrieve estimates of SPMC beyond the 5 FNU limit of this Seapoint.
Both data sets included 10 s interval data and the linear regression was good (R? = 0.75;
Figure 3b).

2.4. Modelling of the Plume

The numerical model used, the MITgcm (General Circulation Model), is based on the
incompressible Navier-Stokes equations [45,46]. The model domain includes the actual
bathymetry covering an area of about 3 x 3 km with a horizontal resolution of 35 m and
200 vertical levels covering the entire water column, with thinner layers towards the sea-
floor and a 1 m resolution at the lowest levels. The horizontal resolution used in the model
is coupled with the best available topography data obtained from the ship based EM122
12 kHz multibeam system and the resulting bathymetric grid of 35 x 35 m cell size [24]. A
new feature in the sediment transport equation was developed and coupled to the
MITgcm to enable deep-sea sediment transport applications [21]. The model can represent
an unlimited number of user-defined sediment classes based on settling velocities. Here
we used three sediment diameter size classes, 61.2, 10.4 and 1.65 um, referred hereafter as
61, 10 and 2 pm classes based on the d90, d50 and d10 (laser diffraction volume distribu-
tion-based) percentiles of the untreated surface sediment of station #70-MUC-17 (Table 2).
The corresponding Stokes’ law settling velocities for 61, 10 and 2 pum classes are 1.67, 0.048
and 0.001 mm/s respectively (considering the deep-sea water viscosity and density) [47].
measured similar settling velocities for mid-water plumes in the CCZ.
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Table 2. Particle size distribution metrics for the surface sediment layer of the selected 6 multicores.
Values between brackets represent pre-treated samples, from which flocculi, carbonates and Fe-Mn
oxides have been removed.

Distribution Parameters Distribution Percentiles

Mean “Stdev” “Skewness” “Kurtosis” 10% 50% 90%

119_MUC-31: 0-5 cm 24.6 40.8 3.24 12.08 1.58 9.1 (4.24) 63.3
(prep) (13.9) (26.83) (4.45) (26.58) (0.59) (37.3)
119_MUC-31: 5-15 cm 26.1 36.63 3.12 12.31 2.05 12.9 62.8
(prep) (16.6) (31.86) (4.06) (20.67) (0.68) (4.89) (43.7)
70_MUC-17: 0-5 cm 43.3 59.18 2.53 7.16 2.88 21.2 934
(prep) (18.7) (30.12) (2.95) (10.79) (0.7) (5.81) (53.2)
70_MUC-17:5-15 cm 23.3 30.31 3.46 17.57 1.96 13.3 53.9
(prep) (18.4) (32.41) (3.76) (18.11) (0.77) (5.95) (48.6)
34_MUC-6: 0-5 cm 18.8 25.96 4.15 25.7 1.65 10.4 61.2
(prep) (22.2) (37.46) (3.21) (12.74) (0.78) (6.57) (43,3)
34_MUC-6: 5-15 cm 43.3 52.71 2.14 5.13 3.1 23.5 92.7
(prep) (18.4) (28.23) (2.85) (10.02) (0.87) (6.51) (51.6)

The sediment classes can be transported as SPM by advection and diffusion schemes
available in MITgcem (direct spacetime method with flux limiting). The background hori-
zontal water viscosity and sediment diffusivity were set to 10 and 10-° m?/s, respectively.
In addition, the nonlocal parameterization scheme of [48] was used to solve vertical mix-
ing in the model. The SPM in the lowest cell may leave the cell due to deposition and
accumulates on the seafloor. The deposited mass can be re-suspended when the bottom
shear velocity at the lowest cell reaches the critical values for particle re-suspension. The
model was run with a time step of 5 s for the period from 31 July to 4 August 2015 as spin
up to reach steady state condition. The lateral boundary conditions are in situ hydrody-
namic data from the BoBo lander (ADCP). The salinity and temperature were set to fixed
values of 1.8 °C and 34.7 PSU as measured in situ by the CTDs. A release rate of 0.142 kg/s
is obtained based on the model-observation validation for the SPMC at a height of 2-3
mab at the BoBo position. The release height of the sediment plume is expected to be in
the 02 mab.

3. Results
3.1. Multi Corer (MUC) Data

The mineralogical analyses indicate that all the investigated samples (34_MUC-6,
70_MUC-17 and 119_MUC-31, for both 0-5 cm and 5-15 cm) have a similar composition
(Table Al). Layer silicates are the most prominent minerals (between 40 and 50%) in all
the samples consisting of dominantly 2:1-layer silicates and much lower proportions of
Kaolinite and traces of Chlorite. Other minerals are Quartz, K-feldspar, Plagioclase, Cal-
cite, Dolomite, Siderite, Gypsum, Barite, Anatase and Apatite. Significant amounts of
amorphous material occur in all the samples, ranging from 26.0% to 35.8%. Chemical anal-
ysis reveals that this is predominantly opal from the silica skeletons of radiolarians and
diatoms (Table A2). The relationship between carbonate dilution and higher associated
opal content was found by [28]. Percentage of carbonate is lowest (almost absent) in #119-
MUC-31. The results of the clay mineralogical analysis show that the <2 um fraction of all
the samples consists of a mixture of Smectite, Illite, mixed-layer Illite/Smectite and Chlo-
rite (Table A3). Smectite is the dominant clay mineral species, ranging from 44.6% to
49.7%, followed by mixed-layer Illite/Smectite (17.2-24.5%) and Illite (14.9-21.2%). Mixed-
layer Kaolinite/Smectite ranges from 5.8% to 10.5%. Kaolinite (3.6-4.9%) and Chlorite (1.5-
2.9%) occur in the lowest proportions. The clay mineralogical compositions of the differ-
ent samples do not show any trend or systematic differences (Appendix A).
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The organic carbon content of the different samples is relatively low and ranges be-
tween 0.7% and 1.08% (Table A4). These results are in line with [3]. No clear difference in
chemical composition between the different samples was found (Table A2).

In Table 2 the parameters and percentiles of the particle size distribution of the ana-
lysed samples are shown. Figure 4 shows average particle size distributions, for the pre-
treated and non-prepared samples. The main size modes from the non-prepared sample
distributions are situated between 8 and 40 um. Clay (<2 um) percentages range between
7-12% for non-prepared samples, and between 20-30% for the pre-treated samples. Only
about the half of the percentage of clay minerals seems to be in the <2 um percentage. The
presence of clay minerals in fractions >2 um is possible. Alternatively, laser diffraction for
grainsize measurements of clay minerals (which are platy) may result in slightly larger
sizes. It seems that for our case, the <4 pm % comes closest to the clay mineral %.
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Figure 4. The average particle size distribution (volume-based) of the non-prepared (black) and pre-
treated surface sediment samples (red; disaggregation of flocculi, removal of carbonates, Mn-/Fe-
oxides and Mn-/Fe-hydroxides).

3.2. BoBo and DOS Background Time-Series

The two CTDs mounted on the BOBO and DOS landers recorded a quasi-constant
timeseries with water temperature of 1.8 °C and a salinity of 34.7 PSU. The measured tidal
ranges as seen in the pressure data were between 0.5 and 1.6 m reflecting the fortnightly
lunar cyclicity (neap and spring tides). Figure 5a shows the ADCP time-series from two
consecutive BoBo lander deployments (station #11_BoBo-lander-1 and station #57_BoBo
lander 2, Appendix B). Current speeds measured at 1 mab with the downward looking
1200 kHz ADCP reach up to 10.5 cm/s, with an average of 4.0 cm/s. Turning tides obvi-
ously correspond to a decrease in current speed (slack tides). Spectral analysis indicates
that the tidal currents were dominated by the semi-diurnal M2 constituent, followed by a
quarter diurnal M4 constituent (Figure Al). The average bottom shear velocity ranged
from 0.07 to 0.8 cm/s, with an average of 0.3 cm/s, and the associated bottom shear stresses
ranged between almost 0 and 0.06 Pa, with an average of 0.01 Pa. The shear rate is on
average 0.25 1/s.
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Figure 5. (a) ADCP total current speed (1 mab) and (b) current direction (1 mab) from station
11_BoBo-1 and 57_BoBo-2. The residual data (grey lines) derived from the lowpass filtered meridi-
onal and longitudinal current components. (b) Current direction at 1 mab (black line) with the re-
sidual current direction (grey line). Vertical bar indicates the 20 min time interval of the #45_EBS-2
actual seafloor disturbance.

The Seapoint-SPMC data, for a total of 176 days (all BoBo and DOS deployments, see
Table 1), revealed low concentrations with a minimum of 0.02 mg/L and a median value
of 0.05 mg/L (Figure 6a). No tidal (M2 or M4) variability was found in the SPMC time-
series, and there was no distinction in the background SPMC values between the Seapoint
from the DOS (Seapoint at 1 mab) and the BoBo (Seapoint at 2.5 mab) landers. Outliers
(up to 22.68 mg/L) are identified as momentary increases of SPMC caused by the sediment
mobilisation by the BoBo and DOS lander upon landing on the seafloor.
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Figure 6. (a) Boxplot of all SPM concentration (SPMC) data from all CTD-Seapoints from both BoBo
(measured at 2.5 mab) and DOS (measured at 1 mab) landers; (b) the RCM-derived SPMC (meas-
ured at 1 mab) during the station #45_EBS-2 experiment. Data from the EBS Seapoint (with small
FNU range) are not shown because that sensor was often saturated.
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3.3. BoBo Seafloor Disturbance Time Series of Sensors and Model

The EBS disturbed the seafloor resulting in mobilisation and partial resuspension and
an associated increase of the SPMC in the bottom water. The EBS-SPMC was on average
6.4 mg/L —thus easily 100 times higher than the background SPMC. On the BoBo lander
(station #11_BoBo-lander-1), the Seapoint captured the SPMC increases representing the
EBS plume, manifested in two events separated in time by 7.5 h (Figure 7a). The first SPM
event (E1) that lasted for 1.7 h consisted of spiky but significant increases whereas the
second event (E2) corresponds to a rather consistent SPMC of 0.5 mg/L over 3.4 h. During
both events, the SPMC was significantly higher than the background but in general re-
mained relatively low. E2, which was only partially recorded because the BoBo lander
was retrieved before it had ended, lasted longer than the first, likely because of the tide
reversal happening at that time.

a: Seapoint SPMC on BoBo lander (2.5 mab)

050 1.00 2.00
L

mg/L
I

0.05 0.10 0.20
L

b: SPMC from model (2-3 mab)
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Figure 7. (a) Time series of SPMC measured at 2.5 mab by the Seapoint sensor on the BoBo lander,
during the EBS experiment on August 5th, 2015. The plume was detected twice (E1 and E2). The
first peak marked by yellow shading was probably produced by the EBS towing cable sweeping
over the seafloor. (b) Modelled SPMC time-series for the 2-3 mab vertical model grid cell corre-
sponding to the position of the Seapoint sensor on BoBo. The grey and red shaded areas refer to the
SPMC simulated while implementing the real bathymetry or assuming a horizontal seafloor, respec-
tively. The lower and upper bounds of the shaded areas represent simulations for release heights of
0-1 mab and 1-2 mab, respectively. (c) Time series of SPMC derived from acoustic backscatter rec-
orded with the downward-looking 1200 kHz RDI ADCP mounted on the BoBo lander, for 6 vertical
depth bins centred, respectively, at 0.4, 0.6, 0.8, 1.0, 1.2 and 1.4 mab. The first peak in the ADCP-
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SPMC marked by green shading is related to the underwater noise created by towing the EBS (black
line). Peaks produced by the towing cable and EBS noise are obviously not reproduced by the model
simulation.

The ADCP-SPMC during E1 shows a distinct vertical gradient with values of 1.0-1.5
mg/L at 0.5 mab, decreasing to 0.2-0.6 mg/L at 1.5 mab. The spikiness of the data as seen
in the Seapoint SPMC is not present in the ADCP-SPMC, mainly because the sample vol-
ume of the acoustic backscatter is larger than the one of the Seapoint. Additionally, the
ADCP average includes 50 samples, 10 times more than the Seapoint.

The ADCP-SPMC during E2 reveals a uniform vertical distribution of SPM, with con-
centration remaining almost constant over time at about 0.5 mg/L, similar to what is meas-
ured by the Seapoint.

The model simulation of SPMC for the different classes reveals a rather fast deposi-
tion of 61 pm class with 95% deposited after about 3 h after the 20 min EBS disturbance
stopped (Figure 8). In addition, 10 um class (d50) and 2 um class (d10) remain in suspen-
sion for a much longer time, resp., 15% and 0.41% were deposited after 12 h. The simulated
time series of 2 pm class SPMC for the BoBo location, shown in Figure 8, reproduces both
events E1 and E2, in agreement with what the Seapoint at 2.5 mab in the BoBo lander has
measured. The timing of E2 and the SPMC concentration during E2 are somewhat off:
lower SPMC and about 1 h offset. The influence of plume release height and seabed to-
pography on plume dispersion was assessed by running different model simulations:
plume release height at 0-1 mab vs. 1-2 mab, and actual bathymetry vs. flat bathymetry.
The release height set at 1-2 mab (upper bound line of grey-filled curve in Figure 7b) pro-
duces higher SPMC at 2-3 mab, especially during E2. The red-filled curve refers to SPMC
simulated for a flat bathymetry, the grey-filled curve results from implementing the study
area bathymetry. With and without realistic bathymetry, the model produces differences
in both SPMC and timing for the second event mainly.

10 ——r T f T T T T T T T T
80 | : -
;“E : ---------- 61 pm class in suspension
nw 60 S 10 pm class in suspension -
@ S e 2 pm classs in suspension
£ 61 pm class deposited
2 40 F — 10 pm class deposited -
® — 2 ym class deposited
D
o
20 . ]
0 MI """""""" | SITTOVINN 1 1 1 1 L ] ] 1

00:00 01:00 02:00 03:00 04:00 05:00 06:00 07:00 08:00 09:00 10:00 11:00 12:00 13:00
Figure 8. Percentage of deposition (solid line) and in suspension (dashed line) for each class: 61 um

class (settling velocity of 1.67 mmy/s), 10 um class (settling velocity of 0.05 mm/s), 2 um class (settling
velocity of 0.001 mm/s).

Unintentionally produced peaks in the acoustic backscatter of the ADCP from station
#11_BoBo-lander-1 are likely related to underwater noise created by towing the EBS (Fig-
ure 7, the 20 min window marked in green), as this peak matches in time of the actual EBS
being towed over the seafloor. This acoustic peak was not recorded by the Seapoint as an
increase in SPM concentrations. The second and shorter peak in acoustic backscatter can
probably be explained by the action of EBS cable swiping over the seafloor preparatory
towing (peak marked with yellow). The latter peak was now recorded by the Seapoint.
Both peaks were not reproduced by the model.
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4. Discussion

The main objective of the study is to assess the fate of a plume associated with a
human induced seafloor disturbance in the deep-sea and to estimate the duration and
geographical spreading of the suspended particles. For this, we combined optical and
acoustic backscatter data, seafloor sediment characteristics and the results of a sediment
transport model. Plume behaviour is mainly related to the hydrodynamics and the sedi-
ment characteristics, such as horizontal and vertical current velocities, flocculation poten-
tial, settling velocity, erodibility and SPMC. The synthesis between model results, in situ
data and sediment characteristics deliver important insight into the fate of a sediment
plume in the deep-sea.

In this way, we can thoroughly investigate the increases in SPMC due to man-made
erosion of the seafloor. We will focus in the discussion on the erodibility, the settling and
the transport of sediment particles and the influence of the seafloor topography to under-
stand how the plume evolves over time.

4.1. Erodibility of the DISCOL Sediments

The EBS eroded the top layer in which Mn-nodules typically occur [49]. The seafloor
sediment erodibility is nevertheless mainly related to the particle size distribution of the
sediment and particularly to the mud fraction (<63 um; 80-95% in the samples) that in-
creases the cohesiveness of the seafloor [50,51]. However, mechanical erosion of the top
layer expressed as shear strength is low (0.1 kPa), unlike the underlying consolidated sed-
iments which have a higher shear strength of up to 3-5 kPa [14].

Sediment erosion by bottom currents can be excluded due to the weak bottom shear
stresses exerted by the currents. Bottom shear stresses of at least 0.05-0.1 Pa are required
to entrain the not-consolidated fluffy layer at the sediment-water interface (e.g., [52,53].
In this respect the plough marks from 1989, still well visible in 2015 [24], indicating an
absence of any significant sediment transport in the area. Only during the passage of sur-
face meso-scale eddies and their associated energy transfer towards the seafloor weeks
later, current speeds may surpass thresholds for sediment entrainment [18,20,54], and
even more for freshly deposited SPM [17] days or weeks after mining. The freshly depos-
ited sediments could thus be a reservoir of erodible sediments that will result in regular
resuspension of these layers. Increase of turbidity associated with mining activities could
thus occur long after the activity itself.

No natural seafloor erosion, due to weak currents/bottom shear stresses occurred
during the time of observation that could have been the origin of the second SPM event
seen in Seapoint and ADCP data of station #11_BoBo-lander-1. In addition, we have no
field observation showing that the SPM plume was deposited and re-suspended before
the second event (E2), only the model that informs us (at least for 2 and 10 um classes)
that the SPM plume continuously remained in suspension with little sedimentation
(mainly 61 pm class) over the course of the measurement with BoBo sensors.

4.2. Flocculation of the SPM from Eroded Seafloor

Sedimentation may be enhanced by flocculation processes, as studied in different
marine environments worldwide (e.g., [55-58]). In principle, flocculation depends on sev-
eral local environmental conditions, such as turbulence, cation concentration, SPMC, min-
eral composition, organic matter (OM) concentration and composition and microorgan-
ism [59-63]. The high amounts of clay minerals as smectite favours the cohesiveness of
the sediments and thus supports a high flocculation potential. The cation concentrations
are high and well above the threshold for salinity induced flocculation and the OM con-
tent (about 1%) measured in the sediment samples was low and most probably related to
the organic carbon compounds trapped in the interlayer of the clay minerals [64] such that
flocculation in the study area is, above all, controlled by the mineral composition and the
SPMC, and the hydrodynamic conditions. Particle composition, cations and presence of
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sticky OM affect the stickiness, which is important in determining what happens when
particles react with each other during flocculation [59].

4.3. EBS Plume SPMC and Evolution

From AUV and ROV observations [49], the EBS left a 2.4 m wide scour mark of 5 cm
depth and deeper with big lumps of muddy sediment at both sides of the track. A towing
speed of 0.62 m/s thus implies 0.07 m? of wet sediment displaced per second; by far, most
of it was only pushed aside and was not suspended into the water column. For the calcu-
lation of the corresponding weight of sediment particles that is mobilised, a specific mass
of 2500 kg/m3 for the sediments has been assumed. According to [65], sediment porosity
for the DISCOL area is 0.90. The total weight of dry sediment displacement rate by the
EBS was estimated to 18.6 kg/s (most just pushed aside). The release rate into the water
column used in the model simulation is 0.142 kg/s suggesting that less than 1% (0.8%) of
the mobilised sediment eventually comes into suspension, for 5 cm deep scour marks.

The SPMC during the disturbance (measured directly on the EBS) was on average 6.4
mg/L at 1 mab (Figure 6b), rapidly decreasing with time as the plume passed the BoBo
location (after 15 min: about 1.5 mg/L, and after 9 h: 0.5 mg/L. During most of the time of
the plume dispersal, SPMC and turbulence (G = 0.25 1/s) were too low and not favourable
for aggregation (due to differential settling) [17,47,59,66]. The tidal current advected the
plume first in a southward direction followed by a displacement in north-eastward direc-
tion (Figures 9 and 10). The plume dispersion is thus only determined by the ambient
current regime. The early far field E1 is thus characterised by higher SPMC, with distinct
gradient of increasing SPMC towards the seafloor whereas E2 (later far field) is character-
ised by a lower SPMC, uniformly distributed (better mixed and thus more homogeneous
and spread out than E1) in the lower 2.5 mab and remaining constant over at least 3 h. The
SPMC during these events were up to 10 times (E2) and 100 times (E1) higher than the

natural background SPMC.
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Figure 9. Feather plot of the prevailing currents before, during, and after EBS erosion window (thick
line) recorded by the downward-looking ADCP in the BoBo lander. The E1 and E2 events measured
by the sensors on the BoBo lander are indicated as textured areas in grey. The dashed lines indicate
the time snaps of the model simulation (2 um class) shown in Figure 10.
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Figure 10. The lateral extension and SPMC of 2 um class particles in the simulated plume at 0-1 mab
(first vertical grid cell). The plume is dispersed and advected by the prevailing current (see Figure
9). Results are shown 10 min (a), 6 h (b), and 11 h (c) after the end of EBS towing. Black line repre-
sents the 740 m long EBS (seafloor erosion) track. Red triangle is the BoBo lander location. The col-
ourbar starts from 0.05 mg/L (near background SPMC).

From the model (Figure 8), only about 0.41% of the slow settling 2 pm class (and 15%
for 10 um class) was settled by the end of the measurements (total duration of 12 h) im-
plying that the plume may have continued to exist for about 121 days for 2 um class (3.3
days for 10 um class) assuming similar hydrodynamic conditions. The plume trajectory,
and thus expanse of the plume, is controlled by the tidal and residual current and the
release height. The plume displacement for a residence time of 121 and 3.3 days is esti-
mated to be approximately 436 and 12 km, respectively. As the SPM is slowly settling and
the concentration is generally low; the thickness of the deposited particles is about the
same as for 2 pum and 10 um class particle itself; this is not detectable in imagery.

4.4. The Role of Seafloor Topography

During E2, the modelled SPMC at 2-3 mab is 0.1 mg/L, and thus lower than the meas-
ured SPMC. The reason for this might be that the horizontal bathymetric resolution is not
fine enough to capture all small-scale seafloor topography and the associated vertical cur-
rent components. As a result, the SPM plume height is not fully resolved by the model.
Having high resolution bathymetry for simulations seems to be crucial as the terrain mor-
phology controls the often-subtle vertical current components defining either the plume
to remain in suspension or not. Figure 7b includes the simulation of the SPM plume for
the 2 um class when considering a flat bathymetry. There is a reduced upward presence
of the SPM plume, as there is no vertical shear between the horizontal velocities.

5. Conclusions

Field observation and numerical model simulation of small-scale plume experiments
provide new insights for realistic predictions of how sediment plumes generated by min-
ing operations will be transported through the ocean. They are also helpful for designing
future monitoring set-ups, based on the local hydrodynamic and bathymetric conditions.

Our field observations and numerical simulation of deep-sea sediment transport in-
dicated that tides are a significant component in deep-sea suspended sediment transport
in the Peru Basin and elsewhere. Future exploitation of polymetallic nodules will be per-
formed with much larger seabed crawlers that will release sediments at a height of several
meters (5-6 m) above the seafloor, and this is in much higher quantities than in our small
scale EBS experiment [67]. Similar as in our small-scale experiment, the coarser fraction in
these industrial plumes will settle quickly (within hours). However, different from our
experiment, flocculation processes will probably occur as the SPMC will be much higher.
Part of the fine fraction will thus aggregate to form larger flocs, resulting in a faster set-
tling. However, a slowly settling fine fraction will remain, similar as in our experiment,



Geosciences 2022, 12, 8

16 of 21

resulting in far field effects that may cover larger areas, depending on the initial concen-
tration of this fine hardly settling fraction.

Our model results show that the effect of bathymetry on the current velocity changes
the vertical dispersion of the plume above the seafloor and thus the deposition of particles.
Therefore, to prevent significant ecological impact of deep-sea mining in the far-field area,
a precise analysis of seafloor slopes is of great importance and should be further evaluated
using numerical simulations. This has already been pointed out by [68]. Depending on the
tidal currents, direction, and bathymetry, a best time window could be chosen to minimize
the dispersion of the plume and thus to reduce the environmental impact of mining.
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Appendix A

Table Al. Quantitative bulk mineralogical compositions of the samples in weight percentages
(Wt%).

119_MUC-31 34_MUC-6 70_MUC-17

0-5 cm 5-15 cm 0-5 cm 5-15 cm 0-5 cm 5-15 cm
Quartz 6.0 7.8 7.8 6.8 6.1 6.9
K-spar 2.6 3.5 3.9 3.7 2.7 2.7
Plagioclase 5.7 6.0 7.0 5.4 5.5 5.2
Calcite 0.0 1.7 15 2.0 2.0 4.2
Dolomite 0.5 0.4 0.6 0.3 0.4 0.3
Siderite 0.0 0.0 0.1 0.2 0.2 0.3
Gypsum 0.0 0.0 0.6 0.2 0.1 0.3
Barite 1.9 1.8 2.3 1.6 1.5 2.1
Anatase 0.0 0.3 0.8 0.1 0.0 0.3

Halite 5.4 4.6 12.9 3.0 4.2 4.6
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Apatite 0.9 1.2 0.6 0.6 0.5 0.4
23.0 27.3 38.0 239 233 27.2

Kaolinite 0.7 1.0 4.3 2.8 2.0 1.7
Chlorite 0.0 0.0 0.4 0.1 0.6 0.5
2:1 clays 40.5 39.8 27.5 47.2 39.3 38.0
41.2 40.8 321 50.1 42.0 40.2

Amorphous 35.8 31.9 29.9 26.0 34.8 32.6

Table A2. Quantitative chemical composition of the samples in wt%.

Analyte Symbol Si02 Al203  Fe203(T) MnO MgO CaO Na20 K20 TiO2 P205
Unit Symbol % % % % % % % % % %
Detection Limit 0.01 0.01 0.01 0.001 0.01 0.01 0.01 0.01 0.001 0.01
Analysis Method FUS-ICP  FUS-ICP  FUS-ICP  FUS-ICP FUS-ICP FUS-ICP FUS-ICP FUS-ICP FUS-ICP FUS-ICP
119_MUC-31 0-5 cm 46.72 9.55 5.08 3.323 2.46 1.45 6.58 1.62 0.39 0.34
119_MUC-31 5-15 cm 419 8.46 4.45 2.153 2.11 2.01 4.65 141 0.347 0.27
34_MUC-6 0-5 cm 45.84 9.86 4.76 1.733 2.36 1.78 6.53 1.63 0.372 0.31
34_MUC-6 5-15 cm 51.95 10.49 5.13 1.676 2.29 3.01 4.26 1.73 0.405 0.33
70_MUC-17 0-5 cm 50.48 10.45 5.09 1.858 2.37 2.16 4.93 1.73 0.408 0.35
70_MUC-17 5-15 cm 40.47 8.92 4.19 0.667 2 3.71 4.66 15 0.329 0.25
Analyte Symbol Ba Sr Y Sc Zr Be \%
Unit Symbol ppm ppm ppm ppm ppm ppm ppm
Detection Limit 2 2 1 1 2 1 5
Analysis Method FUS-ICP  FUS-ICP  FUS-ICP  FUS-ICP FUS-ICP FUS-ICP FUS-ICP
119_MUC-31 0-5 cm 7616 358 66 21 112 2 108
119_MUC-31 5-15 cm 6418 319 54 18 100 1 91
34_MUC-6 0-5 cm 7504 367 60 20 105 2 106
34_MUC-6 5-15 cm 8076 402 66 22 117 2 113
70_MUC-17 0-5 cm 8211 396 69 22 114 2 117
70_MUC-17 5-15 cm 6437 346 50 18 99 1 87
Analyte Symbol C-Total Total S LOI Total
Unit Symbol % % % %
Detection Limit 0.01 0.01 0.01
Analysis Method CS CS FUS-ICP  FUS-ICP
119_MUC-31 0-5 cm 0.74 0.27 18.74 77.5
119_MUC-31 5-15 cm 0.88 0.29 25.53 67.77
34_MUC-6 0-5 cm 0.75 0.36 23.69 98.87
34_MUC-6 5-15 cm 1.01 0.3 17.68 98.95
70_MUC-17 0-5 cm 0.89 0.33 19.45 99.27
70_MUC-17 5-15 cm 1.05 0.25 32.44 99.12

Table A3. Quantitative clay composition of the <2 um fraction of pre-treated samples in wt%.

Smectite I/SR0 Illite Kaolinite K/SR0 Chlorite

119_MUC-31 0-5 cm 44.6 19.8 199 3.7 10.5 1.5
119_MUC-31 5-15cm 46.7 17.2 212 3.8 9.5 1.6
34_MUC-6 0-5 cm 45.9 21.4 19.0 49 6.7 21
34_MUC-6 5-15 cm 46.7 24.5 172 3.8 6.2 1.6
70_MUC-17 0-5 cm 49.7 23.5 149 3.6 6.1 2.2

70_MUC-17 5-15 cm 48.0 20.2 19.2 39 5.8 29
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Table A4. Quantitative determination of organic carbon after combustion of the samples.

IR OM %
119_MUC-31 0-5 cm 0.99
119_MUC-31 5-15 cm 1.08

34_MUC-6 0-5 cm 0.93
34_MUC-6 5-15 cm 0.77
70_MUC-17 0-5 cm 1.00

70_MUC-17 5-15 cm 0.70
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Figure A1. Plot of the periodogram of the total current speed (1 mab) from the BoBo lander stations.
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